with variants in optineurin (OPTN) and TANK-binding kinase 1 (TBK1) that are predicted to be highly pathogenic, including two double mutants. Case A was a compound heterozygote for mutations in OPTN, carrying the p.Q235* nonsense and p.A481V missense mutation in trans, while case B carried a deletion of OPTN exons 13-15 (p.Gly538Glufs*27) and a loss-of-function mutation (p.Arg117*) in TBK1. Cases C-E carried heterozygous missense mutations in TBK1, including the p.Glu696Lys mutation which was previously reported in two amyotrophic lateral sclerosis (ALS) patients and is located in the OPTN binding domain. Quantitative mRNA expression and protein analysis in cerebellar tissue showed a striking reduction of OPTN and/or TBK1 expression in 4 out of 5 patients supporting pathogenicity in these specific patients and suggesting a loss-of-function disease mechanism. Importantly, neuropathologic examination showed FTLD-TDP type A in the absence of motor neuron disease in 3 pathogenic mutation carriers. In conclusion, we highlight TBK1 as an important cause of pure FTLD-TDP, identify the first OPTN mutations in FTLD-TDP, and suggest a potential oligogenic basis for at least a subset of FTLD-TDP patients. Our data further add to the growing body of evidence linking ALS and FTD and suggest a key role for the OPTN/TBK1 pathway in these diseases.
Introduction
Frontotemporal lobar dementia (FTD) represents a collection of neurodegenerative diseases accounting for 5-10 % of all dementia patients and 10-20 % of patients who develop dementia before 65 years [22] . With 25-50 % of patients reporting at least one other relative with a neurodegenerative disorder, it is clear that FTD has a strong genetic basis. Causal FTD mutations with high penetrance have been described in the microtubule-associated protein tau gene (MAPT) [26, 27] , progranulin gene (GRN) [4, 12] and chromosome 9 open reading frame 72 (C9ORF72) [14, 45] ; while mutations in a range of other genes have been found to cause FTD on rare occasions [49] . Despite recent advances, the genetic defect in a significant subset of familial and most sporadic FTD patients currently remains unknown.
Frontotemporal lobar dementia is a clinical syndrome that is characterized by progressive deterioration in behavior, personality and/or language, with relative preservation of memory [22] . Based on the symptomatology clinical subtypes of FTD are defined: behavioral variant (bvFTD), and two types of primary progressive aphasia: progressive nonfluent/agrammatic variant (agPPA) and semantic variant (svPPA). The term frontotemporal lobar degeneration (FTLD) is often used to describe the pathology associated with clinical FTD, and refers to the selective degeneration of the frontal and temporal lobes. FTLD is also heterogeneous with cases being classified into subtypes based on the main component(s) of pathologic protein aggregates. FTLD with aggregates of the TAR DNA-binding protein 43 (FTLD-TDP) is the most common pathologic subtype of FTLD accounting for more than 50 % of the FTLD patients [33, 47] . FTLD-TDP cases with moderate to numerous TDP-43-immunoreactive neuronal cytoplasmic inclusions (NCIs) and short dystrophic neurites (DNs) predominantly in the upper cortical layers II/III are designated type A; cases with moderate to numerous TDP-43-immunoreactive NCIs and sparse DNs across all cortical layers are designated type B; and cases in which long dystrophic neurites are present predominantly in the upper cortices, and NCIs are rare, are assigned a type C. The relevance of the FTLD-TDP heterogeneity and types A-C classification system is supported by clinical and genetic correlations, as well as by evidence for distinct biochemical properties of TDP-43 in the different subtypes [44] . For example, all patients carrying loss-of-function mutations in GRN are characterized by FTLD-TDP type A, while the majority of C9ORF72 mutation carriers have FTLD-TDP type B.
In recent years, clinical, pathologic and genetic studies have contributed to an emerging theme that FTD and amyotrophic lateral sclerosis (ALS) are part of a disease spectrum with a common underlying pathogenesis [6, 23] . Fifteen percent of ALS patients have cognitive and behavioral impairment and 15 % of FTD patients meet ALS criteria [31] . Moreover, TDP-43, fused in sarcoma (FUS) and p62 inclusions are found in post-mortem tissues of both ALS and FTD cases [1-3, 28, 41, 42, 57] . The most striking evidence, however, came from the identification of repeat expansions in C9ORF72 as a common cause of FTD, ALS and mixed FTD-ALS patients, which firmly established a genetic link between these disorders [14, 45] .
Despite a strong family history in up to 50 % of patients, a substantial proportion of FTD patients are sporadic. While currently unknown environmental factors may contribute to the disease in these individuals, the presence of incomplete penetrance, compound heterozygous variants or genetic variants in multiple genes, i.e., oligogenic disease mechanism, could be contributing to the disease in these patients. In fact, recently several reports suggested an oligogenic mechanism as the basis for ALS in sporadic patients but also in ALS families [10, 32, 56] . An oligogenic basis for FTD, however, has not yet been systematically assessed [54] .
To date, oligogenic studies have been largely based on the screening of candidate genes in large pedigrees or cohorts of unrelated individuals. Recent genetic discoveries, however, continuously increase the number of candidate genes to look at, diminishing the cost-effectiveness of this approach. The use of next-generation sequencing now allows sequencing the whole exome or genome at once, followed by a selection of candidate genes to study in detail. Whole exome and genome sequencing are thus likely to enable and accelerate discoveries of oligogenic mechanisms in human diseases.
In this study, we present the first whole-genome sequencing study in FTLD-TDP patients, using a unique FTLD-TDP cohort from the Mayo Clinic Florida brain bank in which mutations in GRN and C9ORF72 were excluded. In a first attempt to genetically characterize this cohort, we hypothesized that rare variants in causal genes previously implicated in neurodegenerative disorders could be responsible (in part) for pathologically confirmed FTLD-TDP. The use of whole-genome sequencing data further allowed us to incorporate both single-nucleotide variants (SNVs) and copy number variants (CNVs) into our analysis. Importantly, we identified potentially causative variants (CNV and SNVs) in optineurin (OPTN) and TANK-binding kinase 1 (TBK1), two functionally related genes previously associated with ALS, and provide additional support for an oligogenic basis of FTLD-TDP.
Materials and methods

Patient cohort
Neuropathologic and immunohistological records of the Mayo Clinic Florida brain bank were reviewed by the end of 2013 and 168 patients with a pathologic diagnosis of FTLD-TDP with frozen tissue availability were identified. Most patients were referred to our brain bank as part of the Mayo Clinic Alzheimer's disease Research Center, the State of Florida Alzheimer's Disease Initiative, the Mayo Clinic Study of Aging and The Cure PSP brain bank. Four pathologically confirmed FTLD-TDP patients without frozen tissue for which a blood sample was available as a source of DNA were also identified. Out of these 172 patients, previous genetic analyses identified 33 patients (19 %) with pathogenic C9ORF72 repeat expansions, 33 (19 %) patients with loss-of-function mutations in GRN, one patient (0.5 %) with a valosin-containing protein (VCP) mutation and one patient (0.5 %) with a leucinerich repeat kinase 2 (LRRK2) mutation, resulting in 104 FTLD-TDP patients (60 %) with unknown genetic cause. Among these 104 patients, 42 % had FTLD-TDP type A, 27 % had FTLD-TDP type B and 28 % had FTLD-TDP type C. The average age at diagnosis was 66.8 years (range 38-86 years) and average age at death was 74.7 years (range 41-97 years). Two patients were Asian-American and two patients were Hispanic, all others were non-Hispanic whites. Information on family history was available for 82 % (85/104) of the FTLD-TDP patients and 50.5 % of these reported a family history of neurodegenerative disease. Limited ante-mortem clinical information was available on most patients and revealed diagnoses within the dementia spectrum, most commonly FTD and Alzheimer's disease (AD).
Whole-genome sequencing and bioinformatic analysis
Whole-genome sequencing was performed by Complete Genomics (Mountain View, CA, USA) using unchained combinatorial probe anchor ligation sequencing [16] in 104 pathologically confirmed FTLD-TDP patients with unknown genetic cause and 3 GRN mutation carriers (as internal positive controls). Sequence reads were mapped to the reference genome (GRCh37) and variants were called by local de novo assembly according to the methods previously described [16] . All samples passed internal Complete Genomics quality control parameters and a gender check. For additional quality control metrics Complete Genomics calculated the ratio of variants reported in dbSNPv137 to all variants identified (on average 95.6 % of all called variants and 98.5 % of high confidence variants). We generated 164 Gb of sequence per individual covering 96 % of the entire genome and 98 % of the exome. Eighty-five percent of exonic high-quality reads had a read depth higher than 30×. On average 3349,512 highquality variants were identified per individual and 21,171 were exonic. Two different bioinformatics pipelines were then used to prioritize variants. First, variants identified by Complete Genomics in the "var" file were submitted to an in-house bioinformatics pipeline [20] . This tool includes variation information on their genomic position (exon, splice site, intron, untranslated region (UTR), promoter region), their predicted effect on protein level, and their frequency in different databases (dbSNPv37); Exome variant server (ESP), and the genome of the Netherlands (GoNL) [7] . In addition, it contains variant frequency data from two datasets generated using the same Complete Genomics sequencing technology, namely the Wellderly dataset [37] as well as 100 neurologically healthy parents of patients with severe intellectual disability [20] . Filtering was performed following strict criteria and consisted of removing any low confidence variants and excluding variants with a minor allele frequency (MAF) ≥0.01 % in ESP and 1000 genomes as well as variants present in control cohorts. Only missense, nonsense, stop-loss, indels and splice variants were considered.
In parallel, we uploaded the MasterVar file and the highConfidenceJunctionsBeta files into QIAGEN's Ingenuity ® Variant Analysis™ software (www.qiagen.com/ingenuity) from QIAGEN Redwood City. Similarly to the first pipeline, only high confidence variants were selected (variant quality score >50; read depth >10). We then selected only variants with a MAF <0.01 % in ESP and 1000 Genomes, and only variants absent in 155 Harvard Personal Genome Project controls. Only missense, nonsense, stop-loss, indels and splice variants were selected.
In addition to the SNVs analysis, Complete Genomics also calls CNVs based on coverage determined in sliding windows of 2-kb intervals. The presence of such structural and copy number variations in our FTLD-TDP cohort was assessed using the Ingenuity Variant Analysis software (variant quality score >30; read depth >10). On average, 242 CNVs were detected per individual. Manual examination of selected CNVs was performed using highConfidenceSvEventsBeta files from Complete Genomics to confirm the coordinates and the allJunctionsBeta files to examine the precise sequence of the event. All SNVs and CNVs detected in known neurodegenerative disease genes using either pipeline (n = 13) were confirmed by Sanger sequencing.
OPTN copy number assay
To validate OPTN copy number variations duplex real-time quantitative PCR assays were performed on an ABI7900 using TaqMan copy number assay Hs02993339 _cn (OPTN, exon 14) from Life Technology (Life Technologies, Grand Island, NY, USA). For each assay, RNaseP was used as the reference (Life Technologies, Grand Island, NY, USA). To confirm the presence of a partial genomic deletion of OPTN and to confirm the deletion breakpoint, a PCR-based assay was also developed. PCR primers were designed on either side of the deletion breakpoint based on the exact deletion coordinates obtained from whole-genome sequencing analysis of one case by Complete Genomics (Forward: ATTTGGGACC-CTGGAATCAT; Reverse: TGTTTTTGGAGGCAACCTTT; approximately 500-bp amplification product).
OPTN and TBK1 mRNA expression analysis
Total RNA was extracted from cerebellar tissue from FTLD-TDP cases A and B carrying TBK1/OPTN double mutations, from 6 FTLD-TDP patients without mutations and 4 control brains using the RNeasy Plus Mini Kit (Qiagen, Redwood City, CA, USA), and its quality was assessed on an Agilent 2100 Bioanalyzer. RNA concentration was determined using Nanodrop 8000 (Thermo Fisher Scientific, Walthman, MA, USA). A reverse transcription reaction was performed using the Superscript III system (Invitrogen™, Thermo Fisher Scientific, Walthman, MA, USA) with 400 ng of RNA as template and a 1:1 mix of random hexamer and Oligo dT primers. Real-time quantitative PCR using an ABI7900HT PCR System (Invitrogen™, Thermo Fisher Scientific, Walthman, MA, USA) was performed in triplicate for each sample using Taqman gene expression probes for the targets OPTN (Hs00184221_m1-exons 6-7) and TBK1 (Hs00975474_m1-exons 3-4), and for endogenous control RPLP0 (large ribosomal protein, Hs00420895_gh). Results were analyzed using SDS software version 2.2.2 and relative quantification of OPTN was determined using the ΔΔCt method. A Mann-Whitney test was performed to assess the difference of RNA expression between FTLD-TDP patients without mutations and control brains using GraphPad Prism version 6.00 for Windows (GraphPad Software, La Jolla, CA, USA).
OPTN and TBK1 western blotting
For Western blotting experiments, approximately 100 mg of cerebellar tissue from cases A and B, 6 FTLD-TDP patients without mutations and 6 control brains were homogenized in 400 μl RIPA buffer (Boston BioProducts, Ashland, MA, USA) supplemented with protease/phosphatase inhibitors (Thermo Fisher Scientific, Waltham, MA, USA). Two independent tissue preps were performed for each cerebellar sample. Samples were subjected to centrifugation at 4 °C for 5 min at 14,000 rpm (rotation per minute) and the supernatant was transferred to a fresh tube. Protein concentrations were determined by the PierceTM Bicinchoninic Acid Protein Assay (Thermo Fisher Scientific, Waltham, MA, USA) per the manufacturer's instructions using known concentrations of bovine serum albumin as standards. Lysates were prepared at a concentration of 1 mg/ ml protein in Novex sample buffer (Invitrogen™, Thermo Fisher Scientific, Walthman, MA, USA) supplemented to 5 % with β-mercaptoethanol. Samples were denatured by heating for 5 min at 95 °C before loading into SDS-polyacrylamide gels (Life Technologies, Grand Island, NY, USA). 30 μg of protein for each sample was loaded in a 4-12 % gel for migration. Gels were then transferred to Immobilon membranes (EMD Millipore, Darmstadt, Germany), and immunoblotted with the corresponding primary antibody overnight (anti-OPTN: ab79110 1/1000-anti-TBK1: ab40676 1/10,000 (Abcam, Cambridge, UK)-anti-GAPDH (Glyceraldehyde 3-phosphate dehydrogenase): H86504M 1/500,000 (Meridian Life Science, Cincinnati, OH, USA). The next day, blots were incubated with an HRP-conjugated secondary antibody (Promega, Madison, WI, USA) and bands were detected by enhanced chemiluminescence using Western Lightning Plus-ECL reagents (Perkin Elmer, Waltham, MA, USA). Densitometric analyses were performed using ImageJ software [48] . Relative quantification was carried out after normalization to the band intensities of 6 control brains using two independent protein extractions. A Mann-Whitney test was performed to assess the difference of protein expression between FTLD-TDP patients without mutations and control brains.
OPTN and TBK1 immunohistochemistry
All cases included in this study had been previously diagnosed as FTLD-TDP by a single, experienced neuropathologist (DWD) and had available hematoxylin and eosin as well as Thioflavin-S stains on a number of cortical and subcortical brain regions. For this study, immunohistochemistry was performed on formalin-fixed paraffin-embedded tissue from the frontal cortex, primary motor cortex, temporal cortex (with hippocampus), and medulla of FTLD-TDP cases A-E with potential pathogenic mutations in OPTN and TBK1, 6 FTLD-TDP cases without any causative mutations (matched for FTLD-TDP type, age and sex), and 4 neuropathologically normal controls (matched for age and sex). Five micron-thick sections were deparaffinized and steamed in water for 30 min for antigen retrieval (pH 6 citrate buffer for tissue immunostained with TBK1). Immunohistochemistry was performed using Dako EnVision™+ reagents on a Dako Autostainer (Dako North America, Inc., Carpinteria, CA, USA). Primary antibodies included anti-optineurin (rabbit polyclonal, ab79110, 1:100, Abcam Inc., Cambridge, MA, USA), anti-p62/sequestosome-1 (mouse monoclonal, p62-lck, 1:250, BD Biosciences, Franklin Lakes, NJ, USA), anti-TBK1 (mouse monoclonal, LS-B1317, 1:200, LifeSpan BioSciences, Inc., Seattle, WA, USA) and anti-phosphorylated TDP-43 (mouse monoclonal, pS409/410, 1:5000, Cosmo Bio Co., Tokyo, Japan). Subsequently, slides were counterstained with hematoxylin, dehydrated and coverslipped. Slides were viewed on an Olympus BX40 microscope.
Additional immunohistochemistry with p62 antibodies was performed on the frontal cortex of another 9 FTLD-TDP cases without causative mutations (matched for FTLD-TDP type, age and sex; 2 cases with known C9ORF72 mutations and 2 cases with known GRN mutations). Immunostained slides of the FTLD-TDP cases A-E and 15 FTLD-TDP cases without causative mutations in OPTN and TBK1 were imaged using an Aperio AT2 bright field scanner (Leica Microsystems, Buffalo Grove, IL, USA). Using ImageScope software, gray matter (spanning all cortical laminae) and white matter tissue was analyzed using a color deconvolution computer algorithm. The pathologic burden was measured as the percentage of strong positive staining in the given region of interest for each of the 20 cases.
Results
OPTN and TBK1 recurrently harbor highly damaging rare coding variants in FTLD-TDP
Whole-genome sequencing of 107 FTLD-TDP patients followed by filtering of rare coding single-nucleotide variants (SNVs) through the two bioinformatic pipelines as described in the "Materials and methods" section resulted in a total of 22,121 variants. To determine the contribution of mutations in known neurodegenerative disease genes to FTLD-TDP, we next focused on 21 major disease genes previously implicated in AD, Parkinson's disease, FTD, ALS, Creutzfeldt-Jacob's disease and hereditary diffuse leukoencephalopathy with axonal spheroids (Online Resource 1). This reduced the number to only 13 variants, including 3 different GRN mutations (one missense, one small deletion and one splice-site mutation) ( Table 1 ). The 3 patients carrying GRN mutations were included in our cohort and blindly analyzed to assess the efficiency of our pipeline to detect different types of known pathogenic mutations, and all were successfully identified. Out of the remaining 10 variants, 4 were detected in TANK-binding kinase 1 (TBK1), two in leucine-rich repeat kinase 2 (LRRK2), one in optineurin (OPTN), one in fused in sarcoma (FUS), one in profilin 1 (PFN1) and one in the colony-stimulating factor 1 receptor (CSF1R). Importantly, when we sorted these 10 remaining variants by pathogenicity score based on CADD_Phred score, all 4 TBK1 variants and the OPTN variant had scores higher than 20, meaning that those substitutions are predicted to be among the 1 % most deleterious substitutions in the human genome (Table 1; Fig. 1a) . Cases A and B carried nonsense mutations in OPTN (NM_001008211.1:c.703C>T; p.Gln235*), and TBK1 (NM_013254.3:c.349C>T; p.Arg117*), respectively; while the other 3 TBK1 mutations observed in cases C-E were missense changes. Importantly, one of the TBK1 missense changes (NM_013254.3:c.2086G>A; p.Glu696Lys; case C) was recently reported in two Swedish ALS patients and was shown to impair the binding of TBK1 to OPTN in vitro [18] . The 5 variants with CADD_Phred scores below 20 are less likely to be pathogenic and were located outside the previously reported domains implicated in disease (CSF1R) [43] , previously seen in controls (PFN1) [53, 61] , or when identified in a family, did not segregate with the disease (FUS) [25] .
Copy number variants analysis of the 21 neurodegenerative disease genes using Ingenuity Variant Analysis software further identified one patient with a partial deletion of OPTN (NM_001008211.1:c.1243-740_1612+1292delins25; p.Gly538Glufs27). The whole-genome sequence data identified a deleted region on chromosome 10, spanning 7869 bp including the complete deletion of OPTN exons 13, 14 and 15. The deletion breakpoint was confirmed by PCR using primers that align to the non-deleted genomic sequence surrounding the deleted region and subsequent sequencing of the PCR product (Fig. 1b) . This partial OPTN deletion was absent from a cohort of 284 healthy subjects from Mayo Clinic Jacksonville as determined by a genomic Taqman assay designed to OPTN exon 14. Interestingly, the FTLD-TDP patient carrying the OPTN deletion is case B, who also carries the TBK1 p.Arg117* nonsense mutation, suggesting an oligogenic disease mechanism.
Prompted by the idea of an oligogenic mechanism of disease, we further looked at the presence of more frequent variants (MAF <0.1 %) in individuals already harboring extremely rare variants in OPTN and TBK1 and noted that case A carrying the p.Gln235* nonsense variant in OPTN is compound heterozygote for mutations in OPTN, as it also carries the rare variant p.Ala481Val (NM_001008211.1:c.1442C>T) in OPTN (MAF = 0.0116 % in ESP-CADD_Phred score: 34). To evaluate the likelihood of OPTN and TBK1 to harbor rare compound heterozygous variants or double mutations, we applied the same stringent filters that we used for our FTLD-TDP cases to our control dataset (155 Harvard PGP controls and 100 parents of intellectual disability patients). Using these filtering settings, no variants in OPTN or TBK1 were detected in any of our control datasets which emphasizes that the presence of rare double hits in our FTLD-TDP cohort is unlikely to have occurred by chance alone.
Comparison of sequence traces of OPTN exon 8 (harboring the p.Gln235* mutation) in gDNA and mRNA prepared from cerebellar cortex of case A showed the absence of mutant RNA (T-allele) suggesting the degradation of mutant RNA by nonsense-mediated decay (Fig. 1c) . A similar analysis of OPTN exon 14 (harboring the p.Ala481Val) mutation showed significantly reduced amounts of the wild type (C-allele) in the cDNA sequence suggesting that the missense variant was inherited in trans with respect to the OPTN nonsense mutation (Fig. 1c) .
OPTN and TBK1 mutations reduce RNA and protein expression in cerebellar tissue
To provide further support for a pathogenic role of the OPTN/TBK1 pathway in FTLD-TDP, we performed quantitative mRNA expression and protein analysis of the OPTN compound heterozygous mutant (case A) and the OPTN/TBK1 double mutant (case B). To avoid overestimation of the RNA and protein levels due to neuronal loss, we focused on the cerebellum, a region of the brain less affected by neuronal loss. Despite variable expression, most likely resulting from the use of post-mortem tissues, OPTN mRNA and protein expression were dramatically showed reduced expression of TBK1 in case B (the TBK1/ OPTN double mutant); and, unexpectedly, TBK1 mRNA and protein levels were also reduced in case A despite two functional copies of the TBK1 gene as compared to normal controls (Fig. 2c, d ).
Encouraged by the ability to observe reduced levels of TBK1 protein in post-mortem tissue from a TBK1 loss-of-function mutation carrier, we next studied TBK1 protein expression in cerebellar tissue from cases C-E carrying TBK1 missense mutations with unknown pathogenicity. Interestingly, case C (NM_013254.3:c.2086G>A; p.Glu696Lys) and case E (NM_013254.3:c.1201A>G; p.Lys401Glu) showed greatly reduced TBK1 protein levels, comparable to case B, while in case D (NM_013254.3:c.916C>A; p.Leu306Ile) TBK1 levels were normal (Fig. 3) .
OPTN and TBK1 double mutations are associated with FTLD pathology without clinical motor neuron disease
Clinical and pathological features of cases A-E with possible pathogenic mutations in TBK1/OPTN are summarized in Table 2 . Detailed case reports of the TBK1 and OPTN double mutants are included below:
Case B (OPTN p.Gly538Glufs*27; TBK1 p.Arg117*) was a Caucasian male who started having significant cognitive difficulties at the age of 68. He would repeat the same questions, had a flat affect, and would substitute words. Positron emission tomography scan found hyperperfusion in the left temporal lobe, frontal lobe, and perisylvian area. Magnetic resonance imaging revealed a similar pattern of cortical atrophy with ventricular enlargement (mildly asymmetric, left >right). By the age of 69, he was almost completely mute, mainly communicating through gesturing. He also had trouble swallowing and frequent choking. He could not write and his memory was also worse. He developed jerky movements of his hands and he was Post-mortem examination of case B revealed severe focal cortical atrophy of the frontal lobe (Fig. 4a) . Coronal sections showed enlargement of the lateral ventricles, atrophy of the amygdala and hippocampus, and atrophy of the caudate nucleus of the basal ganglia with white matter attenuation in the anterior limb of the internal capsule (Fig. 4b) . Sections of the brainstem demonstrated normal pigment in the locus ceruleus, but loss of pigment in the substantia nigra with midbrain atrophy (Fig. 4c) . Microscopic evaluation (Fig. 4d-h) showed thinning of the cortical ribbon and superficial spongiosis, most prominently in the frontal cortex. Immunohistochemistry with TDP-43 and p62 uncovered many neuronal and glial cytoplasmic inclusions, neuronal intranuclear inclusions and dystrophic neurites, consistent with FTLD-TDP Type A. P62 immunoreactivity was more pronounced in the white matter than in the gray matter of the frontal cortex, and was at least 3.7-fold higher in case B than any of the other 19 FTLD-TDP cases analyzed. No pathology was noted with TBK1 and OPTN immunohistochemistry. In the hippocampus, neuronal loss in the CA1 sector and subiculum in addition to TDP-43 fine neurites and lesions was consistent with hippocampal sclerosis. There was no neuronal loss in the motor cortex or brainstem with preservation of Betz cells and brainstem motor neurons.
Case A (OPTN p.[Gln235*];[Ala481Val]) was a Caucasian male who had received his GED diploma and served in the Army for 20 years before working as a heavy equipment operator. He had a medical history of cardiac issues including arrhythmia and 2 heart attacks. He had previously smoked tobacco and marijuana. Carotid angiodynography revealed minimal bilateral intraluminal thickening with 40 % stenosis in the right proximal internal carotid artery, no stenosis in the left internal carotid artery, and patent vertebral arteries. He began experiencing progressive cognitive decline at the age of 64. By age 66, he had significant loss of executive function including agitation, restlessness, hyperactivity, and inappropriate behaviors. On neuropsychological testing at age 68, he scored 3/30 on the MMSE, demonstrating significant impairment. He was diagnosed as early-onset AD with delusions and hypomanic state. He had a positive family history of early-onset dementia in a paternal uncle. He died at age 70.
Post-mortem examination of case A revealed mild cortical atrophy with extensive softening and fragmentation of the temporal lobe. Coronal sections showed mild ventricular enlargement and mild atrophy in the amygdala and hippocampus, but no visible atrophy of the basal ganglia or thalamus. The substantia nigra had normal pigmentation. Microscopic evaluation (Fig. 4i-m ) also demonstrated thinning of the cortical ribbon and significant superficial spongiosis, p62 and TDP-43 pathology in the cortical gray matter was morphologically similar to case B and also characteristic of FTLD-TDP Type A. P62 immunoreactivity in the white matter was minimal. There was a paucity of TDP-43 pathology in the hippocampal CA1 and subiculum, however, marked neuronal loss and vacuolation of the neuropil was also consistent with hippocampal sclerosis. No pathology was noted with TBK1 and OPTN immunohistochemistry. Similar to case B, no neuronal loss in the motor cortex or brainstem was noted.
Discussion
In this study, we queried whole-genome sequence data to study the contribution of rare SNVs and CNVs in 21 known neurodegenerative genes to FTLD-TDP using in a large cohort of 104 pathologically confirmed patients from the Mayo Clinic brain bank negative for mutations in C9ORF72 and GRN as well as 3 GRN mutation carriers included as positive controls. Unexpectedly, we found 5 patients (4.8 %) with variants in OPTN and TBK1 that are predicted to be highly pathogenic, including two double mutants. Based on all FTLD-TDP patients in our Mayo Clinic brain bank (including GRN and C9ORF72 mutation carriers), OPTN and TBK1 therefore represent ~3 % of all FTLD-TDP. Subsequent study of mRNA and protein levels in the cerebellum showed a striking reduction of OPTN and/or TBK1 expression in 4 out of 5 patients, supporting pathogenicity in these specific cases and suggesting a lossof-function disease mechanism. Pathological examination showed typical FTLD pathology without clinical motor neuron disease in 3 of the 4 cases carrying likely pathogenic mutations, extending the spectrum of OPTN and TBK1 mutations to pure FTLD. Importantly, our brain bank series shows TBK1 mutations as the third most common FTLD-TDP gene after C9ORF72 repeat expansions and mutations in GRN.
TBK1 and OPTN are functionally related proteins which recently gained increased attention from the ALS research community. TBK1 was identified as a novel risk factor for ALS through two independent exome-sequencing studies [11, 18] . Dominant TBK1 variants which were predicted to be damaging were identified in ~1 % of nearly 3000 sporadic ALS cases (fivefold more frequent than in controls) [11] ; while an even higher frequency of dominant TBK1 mutations (especially of loss-of-function mutations; 1.8 %) was reported in a smaller study focused on familial ALS patients [18] . In contrast, OPTN mutations were first described as the cause of autosomal recessive ALS in Japanese ALS families [35] . Since then, heterozygous mutations have also been reported in familial ALS cases; however, no segregation or very limited segregation analyses of these potential dominant mutations with disease has been performed [5, 13, 15, 38, 50, 52, 58] . Interestingly, the recent exome-based sequencing study in sporadic ALS patients, which identified TBK1 as a novel ALS risk gene, also showed an increase in rare damaging variants in OPTN in patients compared to controls using a dominant model [11] . This led the authors to suggest that dominant acting variants in OPTN appeared to make a substantial contribution to sporadic ALS. An alternative hypothesis based on our present findings however supports a more complex mode of inheritance and suggests that sporadic individuals with heterozygous OPTN mutations who develop disease symptoms may do so because of compound heterozygote mutations (with the second hit not "qualifying" as a pathogenic variant) or because they also carry a mutation(s) in another gene.
Our study is the first to report OPTN mutations in FTD. Case A was compound heterozygote carrying the nonsense mutation p.Gln235*, previously reported in a sporadic ALS patient [8] together with the p.Ala481Val missense variant reported by Belzil et al. [5] in a familial ALS case. Our initial filtering had excluded p.Ala481Val because of its presence in EVS, however, only a single individual was reported and the frequency in the data from the Exome Aggregation Consortium (ExAC), Cambridge, MA (URL: http://exac.broadinstitute.org) [March, 2015] confirms that it is very rare (observed only once in 66,736 alleles in nonFinnish Europeans). cDNA sequencing further showed that these mutations were inherited in trans supporting a 'double' hit to this patient. The use of whole-genome sequencing also allowed us to identify an OPTN mutation in case B. This case carried a partial deletion of OPTN encompassing exons 13-15 which had not previously been reported. In contrast to case A with the compound heterozygous variants in OPTN, case B did not have any other rare variants in OPTN. However, case B also harbors the nonsense mutation p.Arg117* in TBK1. Interestingly, cases A and B both presented with pure dementia phenotypes in the absence of any obvious clinical or pathological features of motor neuron disease. We cannot however rule out the presence of very mild subclinical motor neuron degeneration. Pathologic examination showed FTLD-TDP pathology type A, which differs from the type B that was reported in one case with a TBK1 mutation with autopsy available in the recent study by Freischmidt et al. [18] . Additionally, p62 staining in case B carrying the OPTN/TBK1 double mutation revealed an unusual high burden of pathology in the white matter. The mechanism underlying this unique pathology remains to be elucidated, but it may be related to the oligogenic nature of the disease in this patient.
Our study also identified 3 other rare missense variants in TBK1. Based on the combined analysis of the frequency of these variants in ExAC and the recently published ALS exome studies [9, 11, 18] , their observed effect on TBK1 expression in cerebellar tissue in this study and the evolutionary conservation and location within a known functional protein domain, we speculate that 2 out of the 3 observed mutations (p.Glu696Lys and p.Lys401Glu) are likely involved in disease pathogenesis. Mutation p.Glu696Lys observed in case C is located in the coiledcoil domain (CCD2) required for OPTN binding and was recently reported in two unrelated ALS patients [18] . It was shown that this mutation impaired the binding of TBK1 to OPTN without affecting phosphorylation and activation of IRF3, which binds the more N-terminal ubiquitin-like domain. Mutation p.Lys401Glu (case E) is a very rare variant, only observed once in ExAC in an African-American individual, associated with low expression of TBK1 protein levels in the patient's brain. Functional characterization of this specific mutation has not been performed; however, the p.Lys401Arg mutation affecting the same amino acid results in a loss of TBK1 activation in vitro, suggesting that this amino acid is important for TBK1 function [51] . In contrast, the pathogenicity of mutation p.Leu306Ile (case D) is questionable. TBK1 protein levels in cerebellar brain tissue of case D seemed normal and this variant has already been reported in 2 cases with glaucoma among a cohort of 254 patients [17] . It is also more frequent in the European population compared to the other observed missense mutations (observed 36 times in ExAC or roughly in 1 out of 1000 individuals).
It is striking that despite the fact that we started with a candidate list of 21 genes, we observed likely pathogenic mutations only in OPTN and TBK1, two genes encoding highly functionally connected proteins. Together with SQSTM1 (p62), OPTN and TBK1 play important roles in the autophagy pathway in regulating protein aggregates [19, 60] . Remarkably, TBK1 directly interacts and phosphorylates OPTN, thereby increasing OPTN binding to LC3, an essential autophagosome protein [21, 39, 59] . It is therefore evident that mutations leading to a loss of OPTN and TBK1 expression (as identified in this study) could affect the protective role of the OPTN/TBK1 pathway in neurodegenerative disorders such as FTLD and ALS associated with intracellular protein aggregation. In parallel to their function in the autophagy pathway, p62, TBK1 and OPTN also play regulatory roles in neuroinflammation, in part through their involvement in the NF-κB pathway [24, 39] .
The availability of whole-genome sequence data in this study sheds new light on the involvement of the OPTN/ TBK1 pathways in the ALS-FTD disease spectrum. It allowed us to study both SNVs and CNVs and resulted in the detection of double mutants, either as compound heterozygote (case A) or with mutations in two separate genes (case B). While the functional consequence of each individual variant reported in our study may not be fully understood, the idea of an oligogenic basis of ALS and FTD, in particular with respect to the OPTN/TBK1 pathway, is of interest and could explain the somewhat contradictory earlier reports on the inheritance patterns associated with these genes. Interestingly, an oligogenic mechanism was also suggested by Freischmidt et al. [18] with the co-occurrence of a TBK1 loss-of-function mutation and the p.Arg524Gly mutation in FUS in a German ALS family. Of note, the term oligogenic was used by those authors and in our current study in a broad sense. It is used to refer to multiple genes contributing to a disease phenotype, where either both genes are necessary to cause disease or where the presence of multiple gene mutations may affect the disease penetrance or presentation. The observation of additional mutations in patients carrying a loss-of-function mutation in TBK1 or OPTN is reminiscent of the emerging data from patients carrying C9ORF72 repeat expansions [54] . Similar to TBK1, repeat expansions in C9ORF72 clearly segregate with disease in some extended families, but expansions have also been reported in 6 % of sporadic FTD and ALS patients and in a few elderly controls [34] . While in the case of C9ORF72, variable repeat sizes or specific methylation states of promoter CpG islands may influence disease penetrance [30, 36, 46] , it has become clear that a striking number of patients carrying a C9ORF72 repeat expansion also carry a mutation in another known neurodegenerative disease gene [55] . The frequency of these 'double mutations' is remarkable and is tempting to speculate that the presence of these additional mutations may influence disease penetrance and presentation. A similar scenario may be at play with the OPTN/TBK1 mutations in FTD and ALS. In the case of OPTN, a second mutation may truly be necessary to cause disease, while loss-of-function mutations in TBK1 are likely to lead to disease in a dominant fashion in the majority of cases, though likely not in all. Fortunately, the strong advances in sequencing technologies will soon allow the study of oligogenic mechanisms at a larger scale to further clarify the role of oligogenic mechanisms in FTD, ALS and related neurodegenerative diseases.
In conclusion, we report the first genetic characterization of a large cohort of pathologically confirmed FTLD-TDP patients using whole-genome sequencing, focusing on the known neurodegenerative disease genes. These are the first exciting results using our FTLD-TDP whole-genome sequence on which more in-depth analysis is required. Interestingly, we demonstrated that loss-of-function variants in OPTN and TBK1 are associated with clinical and pathological FTD without motor neuron disease and we identify TBK1 mutations as a common cause of FTLD-TDP. Importantly, our data suggest a potential oligogenic basis for at least a subset of FTLD-TDP. Finally, our results re-emphasize that ALS and FTD are part of a disease spectrum with an overlapping genetic basis.
